Abstract A combination of X-ray diffraction, infrared, and chemical data has established that the ion exchange of vermiculite with singly charged benzidine cations in an aqueous solution at pH 1.6 results in a black, highly ordered benzidine-vermiculite intercalate. The intercalate has a basal spacing of 19.25/~ and a primitive unit cell with "a" and "b" edges parallel and equal to those of vermiculite. The number of benzidine molecules per cell is equal to its electric charge. In this structure the benzidine molecules are steeply inclined to the silicate surfaces and close-packed within domains. The domains contain alternating rows of benzidine cations; from row to row the planes are either approximately parallel or perpendicular to the (120) plane, but along any one row the planes of the aromatic rings are parallel to each other. Hydrogen bonding operates between amine nitrogens and surface oxygens.
INTRODUCTION
The interaction of benzidine (4,4'-diaminobiphenyl) with clays has been extensively studied since 1940 when Hendricks and Alexander described a method to identify members of the montmorillonite group by the formation of a blue complex when benzidine is adsorbed and oxidized by the clay. Subsequently, Solomon et al. (1968) reported that benzidine oxidized to benzidine-blue at exposed aluminum atoms on crystal edges and at transition metal atoms in the higher valency state within the silicate structure. Tennakoon et al. (1974) presented direct Mtssbauer spectroscopic evidence for the involvement of structural iron(III) in the oxidation-reduction process leading to the formation of colored benzidine radical cations in montmorillonite. Recent work by McBride (1979) has shown that clay-edge aluminum sites are relatively unimportant in the oxidation of benzidine.
By quantitatively studying the adsorption of benzidine from aqueous hydrochloride solutions in contact with various montmorillonites, Furukawa and Brindley (1973) concluded that at pH <3.2, divalent and monovalent species were taken up by displacement of the exchangeable cations, but at higher pH, the monovalent species was preferentially adsorbed. They further considered that the total amount of benzidine adsorbed was equal to the amount of unoxidized cation taken up by exchange plus an amount of semiquinone produced by oxidation-reduction processes.
In a study of the color reactions of benzidine and chrysoidine (2,4-diamino-azobenzene) with montmorillonite and other clays, Vedeneeva (1950) emphasized the importance of steric parameters in establishing the linkages between the organic molecules and the silicate sheets. This worker concluded that in benzidine-montmorillonite, the C-N bonds of the organic cations are parallel to the surfaces of the silicate sheets and that the NH2 groups are located over oxygen ions. Others, in- Copyright O 1982 , The Clay Minerals Society cluding Hendricks (1941) and Greene-Kelly (1955) , also concluded that benzidine has its principal axis parallel to the basal plane in montmorillonite.
Knowledge of the benzidine-clay linkage plays a key role in designing methods to combat pollution resulting from the industrial use of biphenyls. Benzidine has been identified as a carcinogen and, because it is produced in some industrial processes, its sorption by soil clays is of considerable interest (Zierath et al., 1980) . Previous workers have chiefly been concerned with the various charged species and radicals formed by benzidine when it is intercalated between clay layers, however, the structures of such intercalates are generally not known. As part of a program concerned with the structures of clay-organic intercalates (Slade et al., 1978; Raupach et al., 1979) , we report here the partial structure of a black intercalate formed by vermiculite with benzidine hydrochloride in an aqueous solution at pH 1.6.
EXPERIMENTAL

Material
The vermiculite used for the present work came from Young River in Western Australia; this vermiculite was saturated with sodium and the structural formula was determined by X-ray fluorescence analysis to be: (Mg2.499Fe3+0.397Tio.005Mno.012Alo.088) (All.221Si2.r79)O10(OH)2(Nao.682Cao.oxsK0.000
The benzidine dihydrochloride salt was obtained from Tokyo Kasei Kogyo Limited, Japan, and an almost saturated stock solution was made by stirring the salt in distilled water at about 40~
Sample preparation
The benzidine-vermiculite was prepared by re fluxing flakes (about 1.5 • 0.8 • 0.1 mm)of the Na-saturated vermiculite in the benzidine dihydrochloride solution. Refluxing at 90~ was continued for 3 weeks, but at intervals the supernatant solution was changed and a few flakes were removed for examination by X-ray powder diffraction. The exchange reaction was monitored by observing the development of a rational set of 00g reflections based upon a fundamental spacing of 19.246 /~. To remove excess salt, the flakes were finally carefully washed with hot distilled water.
Infrared methods
The infrared (IR) spectra were obtained using attenuated total reflectance (ATR) as described by Raupach et al. (1979) . Briefly, spectra of single clay flakes or groups of flakes were recorded by using single reflection hemicylinders, of germanium or TIBr/TII (KRS 5), fitted to ATR assemblies manufactured by Research and Industrial Instruments Co. Matched ATR units were positioned in both beams of a Perkin-Elmer 521 spectrophotometer operating with 4 • slits and purged with dry nitrogen.
X-ray diffraction methods
A value of 19.25 _+ 0.02/~ for d(001) was calculated from the 20 values of the first 19 orders in the 00( spectra. Measurements were obtained directly from an X-ray diffractometer chart produced by a Norelco diffractometer fitted with the following slits and using Fefiltered CoKa radiation: divergence 0.25 ~ receiving 0.146 mm before a 1 ~ slit. The scan speed was l~ For Fourier analysis a flake was mounted about its "b" axis on a Supper two-circle single crystal diffractometer (equi-inclination Weissenberg geometry). Intensity data for filtered MoK~ radiation were collected automatically for 45 00C reflections; the algorithm for the data-collection program is essentially that of Freeman et al. (1970) . A standard reflection was measured periodically throughout the data-collection cycle, and the errors associated with each experimentally observed structure factor were derived from the counting statistics by the data-collection algorithm. Experimental intensities were corrected for Lp factors and for absorption using a linear absorption coefficient of/~ = 12.86 cm -1 and the algorithm of Burnham (1963) . Phases for the observed structure factors were computed initially from the z coordinates for the silicate atoms only. The parameters used were those of Mathieson (1958) but modified for the larger c-dimension of benzidine-vermiculite. Structure factors were calculated with the ORFLS program of Busing et al. (1962) . Subsequently, as the positions of the organic atoms became known they were also included in the trial structure.
Upon completion of the exchange reaction, a number of carefully selected flakes of benzidine-vermiculite were oriented upon either their "a" or "b" axes and their a'b* planes photographed. Initially this was done by setting flakes perpendicular to the incident X-ray beam; they remained stationary during exposures. Subsequently, areas of the a'b* plane well away from the direct beam, as well as regions above and below the a'b* plane (sections cutting c*), were examined either by tilting the flakes with respect to the incident beam (again no movement imparted to flakes or films) or by using a precession camera. For precession photography with MoKa radiation long exposures (two weeks or more) were needed.
RESULTS
Chemical
Analysis of the Young River vermiculite-benzidine intercalate, carried out by the Australian Microanalytical Service, shows the material to contain 19.55% C, 2.48% H, and 4.28% N on a vacuum-dry basis. In relation to the structural formula of the Young River vermiculite these analyses show 1.59 molecules of benzidine per single layer unit cell (from the nitrogen value) or 1.35 molecules per cell as calculated from the carbon value; the value for hydrogen was not used because of the possible loss or gain of H. The mean of these two numbers (1.47) agrees with the vermiculite interlayer charge (1.45 charge units per single layer cell) and leads to the conclusion that each organic cation carries but a single charge. The totality of the charges on the benzidine completely satisfies the exchange capacity of the vermiculite. This result was unexpected because the exchange reactions were carried out at a pH near 1.6 with slightly undersaturated solutions of benzidine dihydrochloride. At 20~ the solutions were saturated and gave a pH of 1.6; this value dropped less than 0.1 units on warming the solutions from 20 ~ to 90~ From Furukawa and Brindley's work (1973) on montmorillonite the exchange reaction at pH <3.2 was expected to involve mainly divalent species.
Powder and single crystal X-ray diffraction photographs of the benzidine salt crystals, removed from their mother liquor at 20~ showed them to be of a single homogeneous phase having unit-cell dimensions quite different from those of either benzidine or benzidine dihydrochloride. The benzidine salt crystals had the following composition: C = 67.68%, H = 4.82%, N = 13.02%, and C1 = 15.1% compared with benzidine monohydrochloride (theoretical composition: C = 65.31%, H = 5.94%, N = 12.69% and C1 = 16.07%) and benzidine dihydrochloride (C = 56.05%, H = 5.49%, N = 10.89% and CI = 27.57%). Although the experimental values for H and CI are low in comparison with their theoretical equivalents, and bearing in mind that the single crystal diffraction patterns were sharp and different from those of benzidine or its dihydrochloride, the existence of benzidine monohydrochloride as a distinct species is certain. Therefore, because the exchange reactions were actually carried out with benzidine cations, the one-toone relationship between the number of charges and the number of saturating organic cations per single layer cell is appropriate if the benzidine cations are singly charged. It should be mentioned that benzidine dihydrochloride will crystallize from a saturated solution provided the pH is lowered to 0.6 by the addition of HC1. However, attempts to carry out the exchange reactions with divalent benzidine cations (at pH 0.6) merely caused a disintegration of the vermiculite flakes. Figure 1 shows the IR spectra in the range 3750-2300 cm -1 of benzidine, its mono-and dihydrochlorides, and the benzidine-vermiculite intercalate. Further details and assignments for the spectra will be discussed in a subsequent paper on these and associated compounds. Figure 1 shows that the spectrum of benzidine-vermiculite is closer to that of the monovalent salt than it is to that of the divalent salt.
Infrared
The spectrum of benzidine dihydrochloride contains well-developed broad bands from the amine salt groups at about 2830 and 2560 cm -1. In contrast, the spectrum of benzidine shows only a series of sharp absorption bands above 3000 cm 1 associated with NH2 groups. Both NH2 and amine salt groups are present in the monovalent salt and also in the benzidine-vermiculite intercalate. In the spectrum of the latter, the intensities of the NH3 + bands are relatively weaker than those of the corresponding bands in the spectrum of the monovalent salt. The benzidine-clay intercalate thus contains mainly NH2 groups, and most of its benzidine is probably in the radical cationic form.
Two hydrogen bond distances for O... H-N may be estimated from the bands for the intercalate at 3228 and 2580 cm -1. These distances represent the extremes of a range of four or five hydrogen bond maxima in the spectrum; from the relationships of Schuster et al.
(1976) the range of hydrogen bond lengths is therefore 2.93-2.62/~. A further useful feature of the complete benzidine-vermiculite spectrum, obtained with polarized radiation, relates to the fact that the strong out-ofplane C-H bending vibration at 800 cm 1 is very highly polarized, indicating that the aromatic rings are steeply inclined to the silicate surface.
X-ray diffraction
Electron density distribution projected onto the "c" axis of the unit cell. A one-dimensional Fourier projection was computed from 45 orders of 00( structure factors initially phased from the model with the silicate portion only (Figure 2 ). To explain this curve, Fourier images were calculated for models in which the angle of rise of the C-N bonds of the intercalated benzidine 
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One dimensional Fourier projection onto the "c" axis, of the electron density in benzidine-vermiculite.
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tions caused by the projection of planar reciprocal lattice sections onto the photographic plate. In the present experiment this plate was curved. A second disadvantage arose from the structural disorder between the silicate layers, which causes hk reflections to become rods parallel to c*. I f a knowledge of the exact t a indices of points along these rods is required the stationary geo- metrical system is inconvenient. To overcome these disadvantages a photograph of the a'b* plane of benzidine-vermiculite was taken with a Huber precession camera (Figure 3 ). The interpretation of this pattern was based upon the realization that it is a composite pattern (Figure 4a ) obtained by superimposing the three resultants given by rotating a simpler fundamental pattern (Figure 4b ) successively through 60 ~ . From the fundamental reciprocal lattice illustrated in Figure 4b , the vermiculite and the intercalated vermiculite unit cells appear to be the same size, although the c-face centering of the former is destroyed and therefore the cell changes to primitive during the benzidine exchange reaction.
A primitive benzidine-vermiculite cell can be produced by considering the surface of a single silicate sheet as a hexagonal array (of ditrigonal rings of oxygen atoms) with alternate rows of rings populated by entities whose scattering differs from those in adjacent rows. Because the superlattice points in the a'b* net are arranged along lines parallel to b*, the rows (between which there is contrasting scattering power) on the silicate surface must'be perpendicular to the " b " axis.
A primitive cell could be produced by siting benzidine molecules, with their long axes nearly vertical, over the centers of those rings of surface oxygen atoms along alternate rows perpendicular to "b." Such a model only incorporates one molecule of benzidine per unit cell and thus does not explain the chemistry of the Young River vermiculite-benzidine intercalate. This problem can be overcome if benzidine molecules are sited over the centers of oxygen rings along every row. However, to maintain a primitive unit cell, the orientation of the organic molecules in alternate rows must be different. By taking into account packing requirements, and the argument developed in the previous section, the model shown in Figure 5a was arrived at. The 120, 120, ]20 and ]20 reflections are considerably more intense than any of the other reflections produced by the benzidine intercalation. To ensure that the model illustrated in Figure 5a is compatible with this observation, hk0 structure factors were computed by using a specially modified version of ORFLS. The modification allowed all of the symmetry operators for a given space group to be applied to a specified set of atoms (here space group 15 operators were applied to the silicate atoms only), whereas for a second set (the interlayer atoms) only the identity and the centrosymmetric transformations were applied. The positional parameters for the silicate atoms were taken from Mathieson (1958) Figure 5b . This latter figure shows that for each unit cell no more than a pair of benzidine molecules can exist in the interlayer, their nitrogen atoms being directed towards the center points of the ditrigonal rings of oxygen atoms which form the opposed surfaces of adjacent silicate layers. To observe the effects upon the structure factors for the extra hk0 reflections due to intercalation, the model was varied by altering the angles between the principal axes of the benzidine molecules and the crystallographic axes. The resulting changes of the structure factors were plotted on an a'b* net. The essential correctness of the model represented by Figures 5a and 5b was confirmed, as it was the only configuration which produced the observed pattern of structure factors, i.e., 120, 120 very strong; 2i0, 210 strong; the rest medium to weak. It should be noted that the experimental pattern has a mirror plane of symmetry perpendicular to the a'b* plane and through b*. The presence of such a mirror is compatible with the equal probability that, within ordered domains, the planes containing the benzidine molecules nearest the cell corners can be inclined either to the left or the right of the "b" axis. The molecules at the cell center positions are arranged as appropriate. Initially, the calculations were made with the amino nitrogen atoms equidistant from the symmetry related oxygen atoms of the two opposed layers. Subsequently, small changes were made to this arrangement, and their effects were monitored by comparing calculated and experimentally derived electron densities as projected onto the "c" axis. The best fit resulted when the amino groups were at slightly different distances from the silicate surfaces. Table 1 lists the 00, a structure factors, and Table 2 gives the coordinates for the atoms in the final model. The dashed curve in Figure 2 represents the Fourier projection of the atoms of the full model onto the "c" axis of the unit cell.
DISCUSSION
On the basis of the experimental data available for the Young River vermiculite-benzidine intercalate it is not possible at present to provide a full description of its structure in the classical sense. Such a description would require the determination of many more variables than can be computed from the poor diffraction patterns given by the Young River intercalate. Reflections with more general indices than those mentioned here are extremely diffuse and, as the modulation of intensities by the organic component is weak, little use can be made of them.
The development of extra reflections in the a'b* plane is therefore quite important because, although they are only observable near the direct beam, their presence and the broad distribution of their intensities enable a probable structure to be arrived at.
Although most of the present work was carried out on the intercalate formed by benzidine with the medium charged Young River vermiculite, similar intercalates were also prepared with the higher charged vermiculites from Llano County, Texas (for compositions, see samples 1 and 7 of Norrish, 1973) . The products formed with these materials have the same basal spacing and similar extra reflections to those given by the Young River vermiculite. Therefore, in spite of the charge variations, the structure of each of these materials is similar.
The model proposed for the structure of benzidinevermiculite represents a close-packed, ordered domain. With increasing charge, the size of the fully ordered domains can be expected to increase and so the packing of molecules within the interlayer regions as a whole will more closely approach the limiting situation represented by the model. In materials carrying less than two charges per unit cell, the packing of the organic molecules will be less dense than the limit shown in Figure 5a . However, a single domain will necessarily contain equal numbers of benzidines with their ring planes inclined both to the left and to the right of the "b" axis. Support for this concept of the effect of charge, comes from a comparison of the extra reflections: in the diffraction patterns given by the Young River vermiculite-benzidine intercalate, these reflections are more diffuse than in the Llano equivalent.
Although considerable evidence exists to show that benzidine molecules become involved in such chemical reactions as rearrangement, charge transfer, and polymerization, the structure of benzidine as determined in its dihydrochloride by Chung et al. (1972) satisfies our experimental data. Nevertheless, the benzidine rings are packed in close proximity both to the silicate surfaces and to one another; this packing, coupled with the electric field imposed by the vermiculite sheets, could cause small distortions of the benzidine structure which this study would not have detected.
The fact that the intensities of the NH3 + bands in the IR spectrum of the intercalate are weaker than the corresponding bands in the monovalent salt is evidence for a hydrogen transfer process occurring when the monovalent benzidine cations become incorporated into the intercalate structure. Chemical analysis of the Young River vermiculite-benzidine intercalate shows the ratios of H/C and H/N to be less than for benzidine monohydrochloride, confirming that hydrogen is displaced into the silicate structure, or otherwise lost from the system.
Although the amount of benzidine in the intercalate equals the exchange capacity of the vermiculite and adsorption appears to occur largely by an exchange process involving monovalent benzidine cations, our chemical results do not rule out the possibility that some divalent and some oxidized species may also be present in small amounts. The black color of the vermiculite-intercalates contrasts strongly with the colorless nature in their salt crystals. This color difference suggests that a charge disturbance, possibly associated with an oxidation process, occurs in the aromatic rings upon intercalation.
Work in progress shows that benzidine montmorillonite has a basal spacing of 15.5/~ under the conditions of our experiments. Therefore its structure is quite dif- Atoms of the silicate structure 1.5 x 10 -15 cm 2. Atoms of the organic structure 2.5 • 10 -15 cm 2. ferent from that proposed here for benzidine-vermiculite. The surface charge densities in montmorillonite and in vermiculite can cause different packing arrangements in their benzidine intercalates. There is room for both divalent (Furukawa and Brindley, 1973) and monovalent benzidine cations to lie flat and to satisfy the exchange capacity of montmorillonite. In vermiculite, only divalent cations would have sufficient room to lie flat; monovalent species would have to stand at an angle to the surface and so give rise to spacings above 15.5/~, in agreement with our findings.
